Underground coal gasification is a conversion and extraction process, for the production of useful synthetic product gas from an in-situ coal seam, to use in power generation, heat production or as a chemical feedstock. While many variants of the underground coal gasification process have been considered and over 75 trials performed throughout the world, the recent work has tended to focus on the control of the process, its environmental impact on underground and surface conditions and its potential for carbon capture and storage. Academic research has produced a set of mathematical models of underground coal gasification, and the European Union-supported programme has addressed the production of a decarbonised product gas for carbon capture and storage. In recent years, significant progress has been made into the modelling of tar formation, spalling, flows within the cavity and the control of minor gasification components, like BTEX and phenols, from underground coal gasification cavities (BTEX refers to the chemicals benzene, toluene, ethylbenzene and xylene). The paper reviews the most recent underground coal gasification field trial and modelling experience and refers to the pubic concern and caution by regulators that arise when a commercial or pilot-scale project seeks approval. It will propose solutions for the next generation of underground coal gasification projects. These include the need to access deeper coal seams and the use of new techniques for modelling the process.
Introduction
There have been three significant phases of coal development, and underground coal gasification (UCG) has the potential to be the fourth. First, coal began as the mainstay of domestic and industrial heating, and town gas production, before establishing itself, throughout the world, as the principal energy source for power generation. Second, the discovery of natural gas led to the partial replacement of coal for heating, and gas became the fuel for combined cycle gas turbines (CCGT) in power generation. Third, the arrival of global warming issues put the spotlight on carbon emissions, and the switch from coal and other fossil fuels to renewables began. Asia and others have been expanding coal utilisation and employing higher efficiency super and ultra critical power plant. UCG with CCS has the potential to solve the twin problems of a carbon-free fuel, to lower the cost of generation and to provide a route to even higher generating efficiencies using turbines or fuel cells.
UCG eliminates the dangers of people working underground, opens up coal resource that would otherwise not be accessible and converts the concentrated energy form of coal into a usable gas; ready, after clean up, to be used for high-efficiency CCGT power generation or chemical production. Respected economic studies have put the levelised cost of electricity of UCG power production at around E49/ MWh, without CCS and E72/MWh, with CCS, 1 which suggests that UCG is highly competitive for power generation in both modes of operation.
A recent UK Government study 2 places the CO 2 emission of UCG power generation with CCGT in the range 570-785 kg CO 2 /MWh without resource UCG Engineering Ltd, Surbiton, Surrey, UK to CCS, compared with natural gas at 400 kg CO 2 / MWh. CCS could reduce the UCG emissions below 100 kg CO 2 /MWh. These are impressive values and put UCG on a par with renewables and the best of fossil fuel emissions with CCS.
The Soviet UCG program is said to have consumed 15 Mt of coal, and the US research effort to improve control and efficiency of the UCG process in around 60 separate tests is estimated 3 to have gasified 100,000 tons of coal, only to be stopped abruptly by very low natural gas prices in the 1990 s. The subsequent acceleration of interest in the late 1990 s in Europe, 4 Australia and South Africa represented a new attempt to build commercial UCG plant. The UK initiative on UCG 5 saw it as a possible extraction solution for its thinner and deeper coal seams, while Europe embarked on two important UCG field trials, Thulin, Belgium (780 m depth) and later, El Tremedal, Spain (550 m deep) to investigate its potential. Both showed the benefits of the newly developed ''controlled retractable injection point'' (CRIP) technology in horizontal drilled inseam boreholes, and this became the preferred method for UCG process control in the later UCG projects in many developed countries. The UK continued to investigate UCG, firstly as a Government initiative (2000) (2001) (2002) (2003) (2004) (2005) (2006) and later as commercial projects by two entrepreneurial companies in near-shore and estuary coal (2010) (2011) (2012) (2013) (2014) (2015) . Early commercially targeted projects also started to appear in Hungary, Poland, Slovenia and the Czech Republic. Meanwhile, major commercial projects, with full pilot testing were undertaken, outside Europe, in Queensland, Australia, Alberta, Canada, South Africa and China over the period 2000-2015.
The European Union (EU), with strong support from its newly joined Eastern Members, saw the advantages of the UCG process for European security, but required more to be done about carbon capture from UCG syngas, and environmental protection The aim is to ensure it compared favorable in terms of global emissions with the fossil fueled and renewable alternatives. Environmental impact has been a major factor in the recent European Studies. 6 Models to estimate the potential for cavity gas and liquid minor products to spread into adjacent strata have been developed in the Canadian and European programmes to the point that, given good quality geotechnical parameters of the site, reasonably good predictions can be made. In parallel, it was recognized that pressure control within the cavity, during operations and process shut down, is essential to avoid the entry of minor tar and other components, like BTEX, phenols and inorganics from residual ash into the surrounding strata. Using these computer simulations, along with good exploration of the site, in situ hydrological pressure measurements and extensive monitoring, the undesirable cavity emissions can by controlled and monitored.
Mention needs to be made of the moratorium placed on UCG by the Scottish Government in response to the proposed near shore UCG project in the Firth of Forth. The grounds for rejection 7 included the surplus of energy from renewables, nuclear and gas, the public resistance to all forms of unconventional gas and the lack of experience of the process by the regulators.
To conclude, cost, emission benefits and access to otherwise inaccessible indigenous coal have driven UCG development, but public and regulator concerns have had a growing impact on the speed of that development. For UCG to be successful, the authorities have to support its UCG programme and be convinced of its necessity. Some countries like India, China, Indonesia, Poland and others have demonstrable State support for UCG. However, investors in the recent UCG trial and feasibility studies are taking stock of the energy scene, before embarking on larger scale commercial UCG projects and others are cautiously looking at new possible projects.
Key results from recent UCG trials
In this section, results are identified that have an important impact on the future direction of UCG development. Some recent UCG pilot studies have been protected by commercial confidentiality, making it difficult to know of the advances that have been made, and any problems that have arisen. The EU studies have been more widely published, and results from some of the recent commercial projects have been made available as a result of the permitting process.
A significant milestone in UCG development has been the findings from the years of experience of design and operation gained in the underground coal gasifiers at the Chinchilla Demonstration facility, at Hopeland, Queensland by Linc Energy. 8 Although the focus is now on alleged environmental issues, at least five gasifier tests were undertaken over about 15 years in a 10 m thick seam of sub-bituminous coal, calorific value 15-21 MJ/kg, of which the final gasifiers, 4 and 5, employed the CRIP configuration, previously used at Rocky Mountain 9 and El Tremedal, Spain. 10 Coiled tubing within the inseam well was used for process control and work-overs to improve production flow and in Gasifier 4 alone, over 14,000 tons of coal were converted to syngas during two years of mostly air blown gasification. Gasifier 5, Figure 1 , converted 19,000 tons of coal, again largely with air blown gasification, although tests with pure oxygen were undertaken for short periods. Higher cavity temperature of 1000 C-1500 C in the cavity, with oxygen, imposed severe operating conditions for the casing and production well materials. Safety was a major consideration for operations with pure oxygen and automatic trip systems were installed to prevent dangerous build-up of explosive mixtures. Two years of operation produced average and peak coal consumptions of 26 tpd and 45 tpd, respectively, and the test provided good evidence that CRIP is an effective and durable control technique, at these higher throughputs.
The Swan Hills UCG trial in Alberta, Canada 11 was the first test to attempt UCG at a depth of 1400 m, but mechanical difficulties and an injection well over-pressurization, resulted in limited output and duration. Of interest was their prediction for raw gas composition, Table 1 , showing very high methane content. Underground hydrocarbon combustion models, 12 in porous media, previously developed for petroleum reservoirs, were used to predict the gasification and pyrolysis stages of the process.
Chinese UCG research was led traditionally by Chinese University for Mining and Technology (CUMT) and the technology was exploited at the pilot/semi-commercial level by ENN Energy Holdings Ltd (a major Chinese Clean Energy Group, engaged in gas infrastrucutre), and several other companies. The work on UCG in China dates back to the 1980 s, and 17 pilot tests were listed 13 by 2008. The ENN program, at Ulanchap, Inner Mongolia, was aimed at large-scale production of methanol, other chemicals and power from UCG syngas. A pilot test, which is reported to have run continuously for 22 months, produced a gas with a calorific value (CV) (lower) of 8.2 MJ/Nm 3 , and generated 5 MW of electrical power. The final report was submitted to the Chinese Government in 2015 and the many patents 15 suggests that development has focused on novel ignition and injection configurations, to minimize underground moveable components.
Carbon Energy Ltd, Queensland, Australia, now in administration, 16 tested a gasifier configuration, with parallel injection and production wells, a self-modulating control arrangement and an ignition well at the intersection. Ten years of development and testing produced 20 months of continuous syngas production with full site monitoring. They were also able to demonstrate to the Environmental Authorities in Queensland, a satisfactory shutdown of the gasifier.
EU developments in UCG
The European Commission made a comprehensive review of UCG 4 in Europe and recommended that a commercial scale programme should be undertaken, of which the first stage was the completed UCG trial at intermediate depth in the coalfields of El Tremedal, Spain. This was the first to fully test the in-line CRIP method of control and ignition with oxygen at a depth of 550 m. It produced an average gas composition of over 10 MJ/Nm 3 . The next set of studies, EU-HUGE, was an integrated series of laboratory ex situ tests in Polish coal blocks and small-scale field tests in an experimental mine. The aim was to examine the conditions for hydrogen production from UCG 17 and to establish the effectiveness of introducing absorbents and varying the method of firing, i.e. two-stage alternating air/steam operation. The important outcomes were the measured compositions of gas and condensate streams, the safe operation of a UCG pilot within an existing mine and the achievement of a 62% hydrogen concentration under pilot conditions. Extending two-stage operation to large commercial gasifier needs further consideration of the heat storage and time scales for switching, but the process is not dissimilar to the early production of water gas/producer fuel gas from coal. The conditions for lignite and hard coal gasification were established, and remote sensing of the cavity, with downward pointing radar and other sensing devices, was tested. Ideas such as calcium oxide injection, to enhance H2 formation, and backfilling the cavity were found to be ineffective.
The follow-up EU study of UCG, known as EU-HUGE2, focused on the experimental design and testing of a novel V-shaped fig configuration for the underground reactor, the environmental spread of minor gasification products from the cavity and its prevention by a reactive bed. Activated carbon and zeolite proved to be the most effective materials to be applied in permeable reactive barriers for the in situ protection and remediation of the aquifers, but whether this could be constructed around a commercial reactor is for another study. The V-shaped configuration of the test gasification channel, Figure 2 , proved to be effective. The main liquid products identified in the condensate were phenol and benzene derivatives, polycyclic aromatic hydrocarbons and N-heterocyclic, ammonia, heavy metals, cyanides and sulphates. Models of gaseous and liquid dispersal and absorption in the strata were developed for pore size and rock porosity. Useful tools for future UCG programmes were a risk management strategy, following ISO 31,000 principles, and the environmental monitoring and decision support system. 18 The UCG process deep underground is difficult to observe at the pilot or commercial stage, so postgasification drilling and the interpretation of the underground conditions from product gas composition are the usual methods for understanding the process. Electrical resistance tomography, passive seismic and ground pointing radar were successfully tested in the shallow experiments in the Barbra test mine in Poland and might be used to observe and monitor other UCG cavities.
Essential data on operating and assessing UCG for regulatory permits were developed in the EU-HUGE studies, and were instrumental in gaining approval for the larger field trial operated by the Polish Mining industry in 2013-2015. The underground reactor was constructed in a 5 m seam in the ''Wieczorek'' mine located in the Upper Silesian Coal Basin. 19 The average depth of the seam was approximately 465 m, and the overlying strata were composed mainly of low-permeability shale and sandstone. Tests were conducted over 1400 h in oxygen-enriched air, and also with 6-16% CO 2 . The resultant syngas, which was of remarkably consistent composition was high in nitrogen, 60-65% and consequently a low lower calorific value in the range 2.5-3.5 MJ/Nm 3 . Average coal consumption was 176 kg/h and the total gas produced was 1.3 tons. The conclusion was that a UCG pilot, under the strict operating conditions applied in this test, can be safely carried out in the abandoned section of a working mine to produce a gas suitable for power generation, but the highperformance operating conditions with oxygen and high pressure could not be safely conducted under these conditions. The mining industry has indicated that collaboration partners from private industry are 21 led by Imperial College London, with extensive industrial and international support, aims to address reactor zone CO 2 storage, develop generic UCG-CCS site characterisations and consider different end-uses of the produced synthetic gas, covering options beyond power generation. Initial results have discounted direct in-cavity storage of CO 2 in favour of site characterisation and risk studies for the holistic matching CO 2 storage and UCG.
Another innovative area, with application to UCG, is the oxy-firing of gas-fired turbines operating on UCG syngas, 22 already described as a potential game changer. The Allam cycle, named after its inventor, produces power, water and just compressed CO 2 ready for storage. A 50 MW development is under construction with support from Toshiba, Heatric and the US Department of Energy.
Leading UCG projects in 2017
UCG activity in 2017 is now concentrated in a number of key countries as shown in Table 2 , which represents a reduction in the worldwide UCG development three years ago. 23 The countries where projects are listed have powerful incentives to exploit their deeper coal deposits, but other projects, active in 2014, are apparently dormant at the present time.
In China, for example, private companies, like Seamwell Int., Hongli Clean Energy and others, continue to maintain an interest in UCG feasibility and semi-commercial studies, mainly in Inner Mongolia, for the production of chemicals and power from UCG syngas. An indication of the direction of Chinese UCG investigation 24 is the formation, in 2016, of the CUMT International UCG Research in Xuzhou, Jiangsu Province (CUCRG) to focus on borehole (as opposed to tunnel) UCG. The centre will seek to encourage future investment in UCG by simplifying the regulatory process and establishing national and international standards of operation for UCG. India, after a delayed pilot development in Gujarat, and in its UCG block release tendering programme, has declared its intention to carry out a pilot of 5-6 MW of electrical power from UCG syngas, as part of its overall aim to use more indigenous highash coal.
Australia, although affected by the move into administration of its two key players, Linc Energy and Carbon Energy, continues to hold much of the up-to-date operating experience, developed in the past decade. A new UCG project at Leigh Creek in South Australia to produce power and synthetic natural gas (SNG) may well benefit from the previous experience.
Other UCG projects reaching decision points are the Eskom Majuba power project, now at commercial design stage, and the Polish national project, which needs partners to take the pilot results to commercialisation.
Understanding and modelling the underground process
Modelling of the process is important, both to optimize the operating conditions within the cavity and to characterize, for environmental impact studies, the response and dispersal of minor contaminates from the growing cavity to the surrounding strata.
The most intense and exothermic chemical reactions take place as the oxygen in the injection gases, which may be pure oxygen, air, enriched air or a CO 2 / O 2 mixture, meet the hot coal surface, and diffuses into its pores. In simple terms, the immediate products are CO 2, which further reacts with fresh coal and the moisture in the coal, to form CO and H 2 , through the Boudouard and water gas shift reactions. Beyond this immediate zone in the coal, pyrolysis and coal drying occur to add methane and tars to the mix. A gas-filled void develops, partially filled with ash and char, extending in the direction of the production borehole, where the gases are cooled by radiation and convection, and gaseous reactions occur between the product gases. High pressure and lower temperatures favour the methanation reaction. Two controlling parameters are the thickness of the coal seam and the depth, which determines operating pressure. The early modelling work generally simulated test conditions in thick seams (up to 10 m) at shallow depths (nearly all >200 m).
The kinetics are complicated and difficult to model across the cavity, and that is before physical effects like roof collapse, spalling, i.e. the flaking of coal from the hot surface, and the influx of ground water are taken into account. A wide range of empirical and exact mathematical tools and approaches can be used to provide insights into the underground process, and the literature is extensive on cavity modellingfor a comprehensive review that has been undertaken of modelling, see the study by Khan et al. 25 Recent models have tended to treat the cavity as a set of two or more reactors, with surface reactions between the coal and the incoming oxidant, dominating the early stages and gaseous reactions in a continuously stirred reactor to represent the downstream gaseous process. One of these models, 26 assumes an initial vertical growth phase, which is solved using experimental data on kinetics, spalling and physical parameters for an Indian lignite. The predictions of cavity growth are based on unsteady-state models for the three zones (rubble, void and roof), and commercial modelling software by computational fluid dynamics and MATLAB for solving the equation, and producing results for the gas-mole fractions, i.e. CO, H 2 and CO 2 and CH 4 . These models compare well with the micro-UCG experiments under similar conditions. Phase-II considers growth in the horizontal direction towards the production well through the outflow channel. The use of tracer studies, performed on actual UCG cavities, enables the outflow channel to be divided in small sections along the length, each consisting of rubble zone, void zone and roof at the top, and again, good agreement with experimental results was obtained. Another approach, from Calgary University, 27 has been to treat the cavity as a porous medium and adapt hydrocarbon reservoir modelling of heavy oil in situ combustion simulations to UCG. This has shown to give useful results particularly for the pyrolysis stage, but is an area that needs further exploration.
Chinese research has been using one-and two-stage equilibrium reaction models 28 to replace enriched air and steam as the oxidants with a mixture of O 2 and CO 2 . The simulation results of partially recycling CO 2 in place of steam show a reduction in the coal and steam requirements, improved efficiency of conversion and a lower coal usage. The absence of nitrogen will make carbon capture in the syngas easier to achieve. An industrial test is required to confirm these results.
Cavity modelling has characterised the reactions taking place, and the best have compared well with the gas composition and cavity growth in laboratory and the smaller scale pilot tests, However, the up-scaling to UCG field development stage, analogous to those applied in oil and gas reservoir engineering, is still required.
UCG and CCS
It is clear that UCG will need to capture and store some, or all, of the CO 2 produced to succeed as a new technology in the long term. A key aspect of the EUfunded programme has been to match UCG with CCS in the same or nearby geological structures, thereby taking advantage of the synergy in drilling and completion between the two processes. The feasibility study of UCG with direct CCS in the Dobrudzha Coal Deposit (DCD), a deep Bulgarian coal deposit, was the first of these studies. Its aim was to evaluate the potential of deep lying coal seams for the development of UCG and subsequent storage of CO 2 in the affected areas using the same boreholes with technical modifications for CO 2 injection. The study has shown that deep coal seams (>1200 m depth) can permanently store 20-25% of the CO 2 produced in the cavity alone, and potentially more in the surrounding stressed strata. Geological and hydrogeological modelling has shown that stress fields, pathways for the spread of the minor gasification products and subsidence can be satisfactorily evaluated, and that the UCG and CO 2 injection processes would be contained within the strata, under the conditions of the DCD. Another important outcome from this study was the economic evaluation, reported earlier. 1 The EU studies of UCG with CCS and the wealth of information that has been generated about combining UCG and CO 2 injection in the same well have provided useful recommendations. The difficulties of storing CO 2 in the cavity became all too obvious: firstly, the depth of the coal seam would need to be below 700 m depth; secondly, the cavity would have had to stay intact and cooled to store the gas and the volume of the cavity is limited to some 20% of the CO 2 produced. Even taking into account the disturbed and more permeable region around the cavity, the dream of a carbon-free production process using the same wells for the process and the CO 2 injection, seems out of reach. There may be sites where the coal is adjacent to a suitable CO 2 store, like a depleted gas reservoir or saline aquifer. The Southern North Sea Basin has coal, abandoned gas platforms and suitable storage sites in the same vicinity, and could be home for a UCG-CCS project of considerable size, but the investment risks are large and offshore UCG-CCS remains firmly in the distant future. Similarly, the supply of CO 2 to increase oil production, known as enhanced oil production or EOR, has been proposed as a possible recipient of CO 2 from gas gathering pipelines, but again no action is being taken.
Undertaking a UCG trial in 2017
The inbuilt advantages of UCG continue to encourage new entrants into the UCG area, and it is important that the lessons, hard won, from previous trials are clearly understood.
The first consideration is the selection of the site, which must take into account the condition and quality of the coal, the permeability of surrounding strata, the proximity to aquifers and the geological and hydrogeological conditions. This is a complex area, requiring detailed knowledge of site geology by exploratory drilling, seismic surveys, laboratory testing and modelling. Coal seam depth is critical: too shallow (like Hoe Creek, USA) and surface impacts occur while very deep sites, present technical challenges of very high pressure and flow reversal due to the low velocities.
Underestimating the public resistance to underground working, shale gas, CBM or UCG has been a common failure, and remote sites, well away from human populations should be sought for the early gasification sites, with local economic incentives if necessary. The strategic case for UCG lies with the plentiful supply of indigenous coal, the high cost of fossil fuel alternatives like natural gas and the opportunities it presents for new industry, which must be understood and supported by the Authorities.
Environmental approval may be lengthy, and require significant base monitoring, of up to a year beforehand. Continuous monitoring and modelling may be required throughout the life of the project and beyond. New tools for the modelling of the gasification process and the surrounding geological conditions are available to provide improved confidence in the operational prediction of cavity performance. Remote monitoring of the underground conditions is an option, already tested successfully at several sites.
An instrumented pilot test in the target coal, preferably two, side-by side to consider interactions, is essential in order to obtain the data to plan, design and operate the commercial application. The pilot will also provide the body of environmental data, required for approval of the full-scale commercial project.
The shut down of the process is a critical stage in the channel operation, because water entering the cavity can create steam leading to the dispersal of cavity gasification products into the surrounding strata.
The choice of technology for UCG is still wide open. Long periods of gasification have been achieved with parallel CRIP, single in-line CRIP and the Chinese and Russian methods of multi-service wells. Nearly all use horizontal drilling to create the inseam well, and the differences are in well completion, the oxidants supplied (enriched air, O 2 and or CO 2 ) and in the materials of well construction.
Conclusions
UCG is at another critical point in its development. Whereas the low cost of competing fuels, brought it almost to a standstill in the 1990 s, the UCG revival in the year 2000 and beyond has resulted in a considerable amount of R&D and risk funding for pilot studies becoming available, but very few commercial operations. Projects were started, sometimes in unsuitable coal, with optimistic estimates of the work required to reach the production phase, and public acceptance has been an issue for some developments.
Much has been learned about the technology of UCG process and environmental control, the modelling of the process and the drilling and completion of inseam wells. Monitoring environmental and process performance is now much more precise, and potential environmental emissions problems can be identified and resolved quickly.
It is well established that UCG offers a route to high-efficiency power production, gaseous fuels like hydrogen and SNG and lower cost CO 2 capture which are already encouraging a new wave of development in the future. In recent times, however, no one has yet taken the results of the many successful trials, the improved techniques for environmental and process predictions, and all that is now known about UCG site selection, to establish a viable and fully permitted UCG plant. This paper suggests that the time is right to embark on a medium-sized syngas production plant, say about 100 MW thermal output to demonstrate syngas can be produced as an economic competitor to natural gas.
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